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Based on experimental 59Co-NMR data in the temperature range between 0.1 and 300 K, we
address the problem of the character of the Co 3d-electron based magnetism in Na0.7CoO2. Tem-
perature dependent 59Co-NMR spectra reveal different Co environments below 300 K and their
differentiation increases with decreasing temperature. We show that the 23Na- and 59Co-NMR data
may consistently be interpreted by assuming that below room temperature the Co 3d-electrons are
itinerant. Their magnetic interaction appears to favor an antiferromagnetic coupling, and we iden-
tify a substantial orbital contribution χorb to the d−electron susceptibility. At low temperatures
χorb seems to acquire some temperature dependence, suggesting an increasing influence of spin-orbit
coupling. The temperature dependence of the spin-lattice relaxation rate T−1
1
(T ) confirms signifi-
cant variations in the dynamics of this electronic subsystem between 200 and 300K, as previously
suggested. Below 200 K, Na0.7CoO2 may be viewed as a weak antiferromagnet with TN below 1 K
but this scenario still leaves a number of open questions.
PACS numbers: 71.20.Be, 75.50.Ee, 75.30.kz, 76.60.-k, 75.30.Et,
I. INTRODUCTION
During the last few years the series of layered transi-
tion metal oxides NaxCoO2 with x < 1 was the subject
of intense research activities, because of the unusual elec-
tronic properties of these compounds. The variation of
the Na content x revealed a rich [T, x] phase diagram for
this series[1]. The Na-rich region with x > 0.5 is charac-
terized by an unusual metallic state with a Curie-Weiss
type magnetic susceptibility χ and various trends to
charge and magnetic instabilities were reported.[2, 3, 4]
In particular, χ(T ) suggests the presence of interacting
local moments of roughly (1 − x) spins 1/2 per formula
unit. This cannot easily be reconciled with the current
understanding of the electronic structure, however. Cor-
responding calculations predict all the 3d electrons to
occupy itinerant states and a relatively narrow conduc-
tion band. A very different phase is observed for x = 0.5,
which is characterized by a metal-insulator transition at
50 K[5] and magnetic order below Tx = 88 K.[2, 6, 7, 8]
Finally, the Na-poor phase x < 0.5 exhibits the charac-
teristics of a common metal with a Pauli type suscepti-
bility.
The properties of NaxCoO2, with x ≈ 0.7 were ex-
tensively investigated before but a clear understanding
of its physical properties is still lacking.[9, 10, 11, 12,
13, 14, 15, 16, 17, 18] The Co ions are enclosed in edge
sharing O-octahedra which in turn are separated by in-
sulating Na layers.[19, 20] The latter mainly act as a
charge reservoir. Depending on x, the Na ions tend
to order on particular sublattices at room temperature
and below.[21] Considering existing experimental data,
it seems difficult to describe the transport and the mag-
netic properties in a self consistent manner. In par-
ticular, the postulated[22, 23, 24] itinerant 3d electron
system seems at odds with the claims of previous 23Na-
NMR studies, which reported that between 40 and 200
K the 23Na-NMR response can be understood by assum-
ing the presence of localized 3d moments below room
temperature.[9, 14] This seemed justified from observ-
ing that the Knight shifts 23K of the NMR signals from
different Na sites scale with the magnetic susceptibility
χ(T ). The latter exhibits a clear Curie-Weiss type be-
havior and, in the same temperature range, the spin-
lattice relaxation rate T−11 is roughly T−independent.
Confronted with this inconsistency we decided to revisit
the problem with the analysis of an extensive set of ad-
ditional experimental data.
We present the results of 59Co-NMR measurements on
polycrystalline samples of Na0.70CoO2 for temperatures
below 300 K and in external magnetic fields up to 8 T.
In addition, we include low-temperature 23Na-NMR re-
sults in our discussion. From our data we conclude that
above room temperature the Co sublattice forms an elec-
tronically homogeneous system. Upon reducing the tem-
perature, we note a drastic change in the behavior of
the spin-lattice relaxation T−11 (T ) for both
23Na[9] and
59Co nuclei between 300 to 200 K. Below 200 K we also
observe a gradual differentiation of the Co site environ-
ments. The NMR lines of two of the distinct Co sites
(Co1, Co2) are found to be narrow and their tempera-
ture evolution could be monitored across the entire tem-
perature range. The appearance of a third and fourth
component in the Co NMR spectra indicates that at low
temperatures the 3d electron system is inhomogeneous
and very close to a magnetic instability.
A detailed analysis of the spectra reveals the dominant
role of the local orbital susceptibility with respect to the
59Co-NMR spectra whereas the spin part of χ seems to
dominate the spin-lattice relaxation. The most signifi-
cant observation is the relation between the Knight shifts
K(T ) of the Co1 and Co2 signals and χ(T ) which indi-
cates a substantial temperature-induced variation of the
hyperfine-field coupling. Below 200 K, the system may
2be described as being weakly antiferromagnetic with TN
at less than 1 K. Below 50 K the orbital part of the
magnetic susceptibility acquires some temperature de-
pendence, which suggests an increasing role of the spin-
orbit coupling at low temperatures.
The paper is organized as follows. In section II we
briefly describe the experimental techniques. Experimen-
tal data, concerning the NMR spectra and spin-lattice
relaxation rates, are presented and discussed in section
III. The data analysis of this section assumes that the
3d electrons are itinerant and the implications of this as-
sumption, together with some remaining open questions,
are discussed in section IV.
II. EXPERIMENTAL DETAILS
In our experiments we used standard spin echo tech-
niques and a phase-coherent-type pulsed spectrometer.
The measurements of the NMR spectra were performed
by recording the integrated NMR signal at a fixed ex-
ternal magnetic field and varying stepwise the frequency
or, at a fixed frequency, by varying stepwise the external
magnetic field. The spin-lattice relaxation rate T−11 was
measured by the saturation recovery method where first
the nuclear magnetization is destroyed by applying a long
comb of rf pulses and the spin-echo signal is recorded af-
ter a variable delay. The spin-spin relaxation rate T−12
was inferred from the spin-echo life time, measured with
am rf -pulse sequence of the form pi/2 − τ − pi with a
variable delay τ .
The sample used for the present 59Co-NMR experi-
ments is the same sample that we used for our previous
23Na-NMR measurements[9]. It consists of randomly ori-
ented powder of Na0.7CoO2 whose preparation was pre-
viously described[9]. The powder was characterized by
X-ray and neutron powder diffraction. These experi-
ments confirmed that our material was of single phase
with lattice parameters a = 2.826(1) and c = 10.897(4)
A˚, corresponding to a chemical composition of NaxCoO2
with x = 0.7 ± 0.04[25].
III. EXPERIMENTAL RESULTS AND DATA
ANALYSIS
A. The 59Co-NMR Spectrum
Three examples of the central parts of the 59Co-
NMR spectra of Na0.7CoO2, taken in an external field
µ0H = 4.001 T at three different temperatures are dis-
played in Fig. 1. For the interpretation of our NMR
data it has to be considered that 59Co nuclei (I = 7/2)
in a non-cubic environment are subject to Zeeman (HZ)
and quadrupolar (HQ) interactions. For HZ >> HQ,
which is valid in the present case, the resulting pow-
der pattern consists of a 59Co central Zeeman transition
(−1/2↔ +1/2) and three pairs of extended wings, which
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FIG. 1: 59Co-NMR spectra of Na0.70CoO2 measured in the
fixed external magnetic field of 4.001 T at three different tem-
peratures. Two narrow signals indicate two different Co sites
(Co1 and Co2) and a broad signal Co3, accounting for a third
inequivalent site, is observed on the high frequency side.
arise from the first-order quadrupolar perturbation of the
Zeeman transitions ±1/2 ↔ ±3/2, ±3/2 ↔ ±5/2 and
±5/2↔ ±7/2.[26, 27]
The shapes of the presented spectra reveal the compo-
nents of the powder pattern[27] due to two inequivalent
Co sites, denoted here as Co1 and Co2, and a broad sig-
nal denoted as Co3. It may be seen that the width of the
Co3 signal increases with decreasing temperature. The
spectra of Co1 and Co2 include the two central 59Co
Zeeman transitions and the signals of the first pairs of
the quadrupolar wings (±1/2 ↔ ±3/2) W1 and W2 for
Co1 and Co2, respectively. The central transitions, to
first order unaffected by the quadrupolar perturbation,
appear very prominently at the centres of the spectra.
To the left and to the right, at equal distances from the
central transitions, are the maxima W1 and W2 of the
wings. By comparing the NMR intensities, we conclude
that these sites are approximately equally occupied at
low temperatures. The corresponding quadrupolar fre-
quencies, νQ,1 and νQ,2, i.e., the frequency difference be-
tween the maxima of the first pairs of wings atW1 and at
W2, respectively, indicate different electric field gradients
eq at Co1 and Co2. Most likely these sites are microscop-
ically distributed within a single phase. If these signals
originated in separated regions of macroscopic size, the
equality of their NMR intensities would imply a macro-
scopic segregation of two different phases with volume
fractions of the order of 50%, not compatible with the
above mentioned results of the structural characteriza-
tion of our material using X−rays and neutron scatter-
ing techniques. At lower temperatures (see lower part
of Fig. 1) the positions of the central transitions grad-
ually separate in frequency without an indication for a
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FIG. 2: Temperature dependences of the quadrupolar fre-
quencies νQ of the two inequivalent Co sites Co1 and Co2.
The resulting data were extracted from spectra measured at
4.001 and 6.999T. Within experimental uncertainty they can-
not be distinguished.
phase transition, however. The individual Co1 and Co2
lines of our spectra do not split at very low temperatures,
i.e., below 50 K. From the temperature evolution of the
central lines and of the corresponding wings it is clear
that the entire spectrum of the Co1 sites shifts to lower
frequencies whereas the spectrum corresponding to Co2
shifts to higher frequencies. The complete data set pro-
vides no evidence for a lowering of the point symmetry
at the local Co environments between 50 K and tem-
peratures of the order of 0.1 K. A spectrum component
Co3, observed only at temperatures near 50 K and below
and, as we shall see later, also an additional component
Co4, seem to behave qualitatively different from Co1 and
Co2. Since our data do not allow for an in-depth analysis
of these parts of the spectra, their significance will only
briefly be considered at the end of the discussion section.
In Fig. 2 we present the temperature evolution of
νQ for the Co1 and Co2 sites. At room tempera-
ture νQ,1 ≈ νQ,2 ≈ 1.05 MHz, but below 220 K the
difference ∆νQ(T ) = νQ,2(T ) − νQ,1(T ) gradually in-
creases with decreasing temperature. Most likely the
temperature-induced enhancement of ∆νQ reflects a re-
arrangement of the Na positions and a slight charge
redistribution in the system of the 3d electrons near
the Co ions. The total temperature-induced variation
(νQ,2(10K)− νQ,2(300K))/νQ,2(300K) from 10 K up to
room temperature is of the order of 30%, much larger
than the few percent variations found in temperature de-
pendences of quadrupolar frequencies for most 3d tran-
sition metals in regions far from electronic and struc-
tural instabilities. The ratio νQ,1/νQ,2 decreases from 1
at 300 K to 0.85 at liquid Helium temperatures. In an
effort to understand the role of the Na rearrangements
in the observed changes in ∆νQ(T ) of the
59Co NMR
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FIG. 3: Temperature dependences of the 59Co Knight shifts
59K. At low temperatures the behavior of the Co1 and Co2
signals are clearly different. Inset: 59K at low temperatures
measured in three different external magnetic fields. Between
40 and 100 K, the two signals virtually coincide.
spectra, we compare ∆νQ(T ) with
23T−12 (T ), the spin-
spin relaxation rate of the Na nuclei. Because 23T−12 (T )
depends on the dipolar coupling between the Na nuclei,
it is very sensitive to changes in the relative positions of
the Na ions. We recall that 23T−12 (T ) is roughly tem-
perature independent between 40 and 200 K.[9] From
the qualitative differences between 23T−12 (T ) and, e.g.,
(νQ,2(T ) − νQ,2(300K))/νQ,2(300K), it seems unlikely
that the observed changes in the quadrupolar frequen-
cies are entirely due to gradual changes in the Na ion
positions. Sizable changes in the electric field gradients
at the nuclei, such as those observed here may, however,
be due to subtle changes in the 3d electronic wave func-
tions near the Co sites.
In the main frame of Fig. 3 we show the temperature-
induced variation of the Knight shifts K of the 59Co cen-
tral transitions for Co1 and Co2. In both cases, K is of
the order of 2% with, on an absolute scale, only minor
variations between 4 and 300 K. The magnitude of K is
a few times larger than the values found in nonmagnetic
metals with conduction bands formed by 3d electrons,
such as Sc, Ti and V. Between 40 and 120 K the Knight
shifts of the two Co sites coincide and K is, to a good ap-
proximation, temperature independent, similar to what
is found for simple non magnetic metals. However, above
120 K and below 40 K,K varies with temperature. In the
inset of Fig. 3 we emphasize the low-temperature data.
We note that both sets of K(T ) are approximately field
independent, indicating that the growing separation of
the Co1 and Co2 resonances is roughly proportional to
the external magnetic field and thus not caused by the
onset of static internal fields. For external magnetic fields
between 2.5 and 8 T no evidence for a magnetic phase
transition is indicated by the evolution of the NMR spec-
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FIG. 4: K(χ) for the two sites Co1 and Co2. The solid
and the broken line are, respectively, the high- and low-
temperature linear fit to the data of the Co2 site. The inset
shows the schema used to extract χorb from the solid line of
the main figure (see text). Note the different axes scales of
the main and insert figure.
tra down to 0.1 K. The same conclusions may be drawn
from the 23Na-NMR data at low temperatures (data not
shown).
Regarding the entire temperature range, the functional
dependences of K(T ) for both Co sites are remarkable,
because they cannot be reconciled with the usual features
of common paramagnetic metals, where K(T ) simply fol-
lows χ(T ). In the mainframe of Fig. 4 we display the
Knight shift K as a function of the magnetic susceptibil-
ity χ =M/H of the same sample, with the magnetization
M measured in 5 T. The data sets for Co1 and Co2 em-
phasize the overall non-linear relations between K and
χ in both cases. Nevertheless, in two restricted temper-
ature regions (T > 120 K and T < 40 K) one observes
∆K ∝ ∆χ, with different proportionality constants, as
emphasized by the differently drawn lines for K(χ) in
Fig. 4.
We analyze these regions separately. At high tempera-
tures, the measured sets of χ(T ) and K(T ) data are well
represented by
χ(T ) = χ0 + C/(T − θp) (1)
and
K = K0 +Aχ (2)
From earlier work [9] we recall that χ0 = 1.25 × 10−4
(emu/mol), a rather large and positive value, C = 0.153
(emu K/mol) and θp = −103 K. Values of K0 = KHT0
and A = AHT obtained from fits to the K(χ) data at
high temperatures (HT) are given in table I. The low-
temperature features of χ(T ) deviate significantly from
those captured in Eq. 1 but K(T ) may still be repre-
sented by Eq. 2, with distinctly different parameters
K0 = K
LT
0 and A = A
LT , which are listed in table II. In
spite of the Curie-Weiss type feature in χ(T ) we assume
that the Co ions carry no well defined local moment and
that in a tight-binding approximation the 3d electrons
may be regarded as itinerant with a rather narrow con-
duction band[22, 23, 24]. Further we postulate the usual
decompositions[27, 28, 29]
χ = χspin(T ) + χorb + χdia (3)
and
K = Kspin(T ) +Korb (4)
with
Kspin(T ) = (µBNA)
−1Hcphfχ
spin(T ) (5)
and
Korb = (µBNA)
−1Horbhf χ
orb. (6)
Here the superscripts ”spin” and ”orb” denote the spin
and the orbital contribution to χ of the 3d-electrons, re-
spectively. The diamagnetic part of the susceptibility
χdia is due to the fully occupied atomic orbitals and is
temperature independent. The shift Kspin is due to core
polarization ”cp”, and the dipolar interaction of the or-
bital currents with the Co nuclei is responsible for Korb.
The total susceptibility χ is given in units of emu/mol,
µB is the Bohr magneton, NA is Avogadro’s number and
Hhf is the hyperfine coupling given in units of Oe per
Bohr magneton of formula unit magnetization (here sim-
ply denoted as Oe). In the above decomposition of K we
considered the fact that for d electrons the contact term
vanishes and that, as is common for transition metals, the
dipolar contribution of the electron spins is negligible.
A linear K(χ) relation is obtained if χorb is tempera-
ture independent. In this case it follows from eqs. 3-6
that K = AHTχ+KHT0 with
AHT = (µBNA)
−1Hcphf (7)
and
KHT0 = (µBNA)
−1
[
Horbhf χ
orb −Hcphf (χorb + χdia)
]
(8)
This situation is judged to be rather common since in
3d metals, where the diagonal matrix elements of the
angular momentum operator vanishes, χorb is the analog
of the Van Vleck paramagnetism of free ions or ions in
insulating crystals.[28, 29]
Near electronic instabilities, K(χ) is often observed to
deviate from a linearK(χ) behavior, signaling that a por-
tion or all of χorb acquires a temperature dependence.[27]
Even in this case equations 3 to 6 allow K to vary lin-
early with χ if χorb(T ) ∝ χspin(T ). The resulting slope
5of K(χ) yields an effective hyperfine coupling, but the
different spin and orbital components of χ are difficult to
disentangle.
With the assumption that χorb is indeed temperature
independent, values ofHcphf for Co1 and Co2 are obtained
directly from the slopes of the lines fitting K(χ) with
∆K = [Hcphf/(NAµB)]∆χ. (9)
For Hcphf/(10
4Oe) we find -4.2 and +0.3 at the Co2 site at
high and low temperatures, respectively. The analogous
values for the Co1 site are -4.1 and -0.15, respectively.
In comparison with common transition metals and al-
loys these values are rather modest and confirm that the
nuclei at the Co1 and Co2 sites experience rather weak
hyperfine couplings to the 3d-electron spins.[31, 32]
Next we attempt an estimate of Horbhf by using[30, 32]
Horbhf = 2µB
〈
1
r3
〉
= 12.5× 104
〈
a30
r3
〉
(Oe). (10)
A detailed knowledge of the 3d electronic wave function is
required to evaluate < (a0/r)
3 >, which is not available
at present. Fortunately it is found that < (a0/r)
3 > does
not vary much for a given transition metal element in a
variety of different environments. With < (a0/r)
3 >=
6.70 and 7.42 for Co3+ and Co4+,[31] respectively, we
find Horbhf /(10
4Oe) = 83.8 and 92.9 for Co3+ and Co4+,
respectively. Thus, regardless of the exact electronic
configuration of the Co ions, Horbhf (Co) is expected to
be an order of magnitude larger than Hcphf . Our esti-
mate of the average orbital hyperfine field Horbhf (Co) =
0.7Horbhf (Co
3+) + 0.3Horbhf (Co
4+) may be justified by the
content of monovalent Na ions in this compound. We
thus obtain Horbhf (Co)/(10
4Oe) = 86.5.
For an estimate of χdia we use the tabulated Pascal
constants P [33] in units of 10−6 emu/mol f.u. From
0.7PNa+1 = −3.5 for Na, 2PO−2 = −24 for O, and
(0.7PCo3+ + 0.3PCo4+) = −9.3 for Co, we calculate
χdia = −0.37× 10−4 emu/mol f.u.
TABLE I: Hyperfine parameters for Co1 and Co2 at high
temperatures (HT). Here K = KHT0 + A
HTχ, Horbhf and H
cp
hf
are in units of 104 Oe and χ0 − χdia = 1.62× 10
−4 emu/mol.
K0 × 100 A
HT Horbhf H
cp
hf
χorb
χ0−χdia
Korb/K
HT
0
Co1 2.49 -7.3 86.5 -4.1 0.96 0.97
Co2 2.46 -7.3 86.5 -4.1 0.95 0.97
With the estimated values of Horbhf and χ
dia we can
now obtain χorb andKorb via a graphical method [27, 28]
outlined in the inset of Fig. 4. In the K(χ) diagram we
start at (χ = χdia, K = 0) and draw a line with the slope
b = (µBNA)
−1Horbhf (see Eq. 4). At the intersection B
of this line with K(χ) = KHT0 +A
HTχ from experiment
at χ = χorb + χdia, the values of χorb and Korb may
be extracted. At high temperatures, we obtain χorb ≈
1.55× 10−4 emu/mol and Korb = 0.024 for Co2. As may
be seen in table I, similar values are obtained for Co1. It
turns out that χorb is close to χ0 − χdia = 1.62 × 10−4
emu/mol and therefore, the rather large T−independent
susceptibility χ0 at high temperatures is mainly due to
the orbital motion of the electrons. The Curie-Weiss type
component is thus reflecting the spin part of χ(T ).
In the following we consider the low temperature region
(LT), i.e., T < 40 K. Here, the analysis is less straightfor-
ward because χ(T ) deviates substantially from the Curie-
Weiss behavior, observed at high temperatures. Even un-
der the assumption that eq. (1) still would offer a formal
description of χ(T ), each of the parameters χ0, C and
θp would certainly be different from the values quoted
above.
Quite unusual is the positive sign of dK/dχ = ALT
observed for Co2 at LT. We recall that Hcphf is almost
inevitably negative, since the 1s and 2s electrons with
their spins parallel to those in the tight-binding 3d states
are attracted into the 3d region (outwards). This leaves a
surplus of antiparallel spins at the nuclear site.[36] There-
fore, the positive sign of dK/dχ clearly shows that the hy-
perfine coupling associated with the T−dependent part
of χ cannot entirely be due to the core polarization. We
interpret our K(χ) data as prima facie evidence for an
effective hyperfine coupling, denoted here as Heffhf .
As we shall discuss below, also the T−11 (T ) data are
inconsistent with the scenario that the entire tempera-
ture variation of χ is due to χspin. We therefore consider
the option that, in this temperature regime, χorb acquires
some temperature dependence andHeffhf reflects the com-
bined effect of Horbhf and H
cp
hf . Because K shows only a
weak temperature variation and no anomalies in T−11 (T )
are observed below 200 K, the following analysis of K(χ)
is done as before, but based on the assumptions (i) Horbhf
and Hcphf are the same at high and low temperatures and
(ii) at low temperatures only part of χ acquires a tem-
perature dependence, such that
χorb = χorb0 + χ
orb
1 (T ). (11)
At first sight this decomposition may not seem natural.
However, while all the occupied 3d-electron states, near
and far from the Fermi level, contribute to χorb,[29] possi-
ble scenarios that are consistent with our observations of
a change of slope of the linearK(χ) relation, require vari-
ations of the occupied states at or very near the Fermi
surface. Only the contributions of such states to χorb
would acquire a T−dependence but we specify that not
the entire Fermi surface needs to be involved.
For consistency, the temperature-independent term
χorb1 must be small, and the desired K(χ) linear rela-
tion requests that the ratio f = χorb1 (T )/χ
spin(T ) must
be temperature independent. In our particular case, one
can write
χ = χ′0 + χ
′(T ) (12)
6with χ′0 = (χ
dia+χorb0 ) as temperature independent and
χ′(T ) = (χorb1 (T ) + χ
spin(T )). Eqs. 1-6, adapted to our
case, yield the relation
K = KLT0 + (µBNA)
−1Heffhf χ (13)
with
Heffhf = (fH
orb
hf +H
cp
hf )/(f + 1) ≈ fHorbhf +Hcphf (14)
and
KLT0 = (µBNA)
−1
[
Horbhf χ
orb
0 −Heffhf (χorb0 + χdia)
]
.
(15)
Since Horbhf ≫ Hcphf ≫ Heffhf , f ≪ 1. Note that for f = 0,
Eqs. (7) and (8) that were used at high temperatures,
are recovered.
TABLE II: Hyperfine parameters for Co1 and Co2 at low tem-
peratures (LT). Here K = KLT0 + A
LTχ, Heffhf = (fH
orb
hf +
Hcphf ) is in units of 10
4 Oe and χ0 − χdia = 1.62 × 10
−4
emu/mol.
KLT0 × 100 A
LT Heffhf f
χorb
χ0−χdia
Korb/K
LT
0
Co1 1.98 -0.28 -0.15 0.051 0.79 1.00
Co2 1.90 +0.54 +0.3 0.046 0.76 1.00
By applying the same graphical method as before we
obtained the results that are collected in table II. Com-
paring the different parameters we note (i) an order of
magnitude reduction of the hyperfine coupling Hcphf to
Heffhf of the T−dependent susceptibility for both Co sites
between high and low temperatures, (ii) Heffhf is differ-
ent in sign for the two Co sites (iii) a reduction of the
low-temperature orbital susceptibility of roughly 20 %
with respect to the high temperature value, and (iv) the
orbital parts of the susceptibility dominates KHT0 and
KLT0 . The different signs of H
eff
hf are due to small but
decisive variations of the orbital component of χ.
The present analysis, based on some simplifying as-
sumptions, suggests temperature induced changes in the
3d electron wave functions at low temperatures. In this
scenario, a fraction of χorb adopts a substantial temper-
ature dependence, as if part of the electrons would ex-
perience a rather strong spin-orbit coupling. The core
polarization remains unchanged, but its effect on K is
balanced to a high degree by modest T−induced changes
in the orbital part. All this suggests that the amplitudes
of 3d electron wave functions vary in regions far from the
Co sites, but not much near them.
Finally we briefly compare the results of 59Co-NMR
with those obtained with the 23Na-NMR experiments.
We recall that above 40 K only a single line is observed in
the 23Na-NMR spectra. It corresponds to the unresolved
signals of the central transitions of several, inequivalent
Na sites.[9] Between 40 and 200 K, the line shift 23K,
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FIG. 5: Temperature dependence of the spin-lattice relax-
ation rate 59T−1
1
measured in two different external magnetic
fields. Inset: 59T−1
1
(T ) at low temperatures. The solid and
dotted lines represent fits to the data (see text).
representing the average isotropic signal shift at different
Na sites, varies linearly with χ (data not shown), from
which an effective coupling 23Hhf = 0.83× 104 Oe is ob-
tained. This is roughly a factor of 5 smaller thanHcphf and
of the order of 1% of Horbhf of
59Co. At low temperatures
the different Na sites are resolved in the spectra and are
found to be exposed to different, but also small, hyperfine
fields (data not shown). Here we simply note that (i) the
hyperfine fields are consistently smaller than those at the
Co sites and (ii) at all temperatures the T−independent
Knight shifts for 23Na are much smaller than for 59Co.
Correspondingly the orbital contribution to 23K is very
small, confirming that indeed the Na planes are basically
insulating.
B. The Spin-Lattice Relaxation Rate T−1
1
of 59Co
In Fig. 5 we display the temperature dependence of
the spin-lattice relaxation rate T−11 , measured in mag-
netic fields of 4.553 and 7.045 T. The values of T−11 were
extracted from fits to the nuclear magnetization recovery
curves m(t) of the 59Co central Zeeman transition after
the application of a long comb of rf pulses. In our case
the appropriate fitting function for m(t), assuming only
magnetic relaxation, is[34, 35]
1− m(t)
m∞
= 0.408 exp
(−28t
T1
)
+ 0.220 exp
(−15t
T1
)
+0.182 exp
(−6t
T1
)
+ 0.190 exp
(−t
T1
)
.
At temperatures of the order of 10 K, at which the
individual signals from Co1 or Co2 could be irradiated,
7the possible difference in T−11 for the two sites was es-
timated to be of the order of 30% or less. Given the
technical difficulties for a rigorous separation of the indi-
vidual contributions across the entire temperature range,
we neglect this difference in our analysis. The same ob-
servation applies for the 23Na-NMR data, which again
we describe by a single T1(T ).
The features of 59Co T−11 (T ) are clearly not those of
a simple metal. Particularly prominent is the anomalous
increase of T−11 (T ) with increasing T at T > 200 K. An
even more drastic increase was observed in T−11 (T ) of
the 23Na-NMR in the same temperature regime[9]. In
the following we concentrate on the analysis of the 59Co
spin-lattice relaxation data below 200 K. These data are
well represented by
T−11 = 1.6T + 15.1
√
T , (16)
which is illustrated by the solid lines in the main frame
and the inset of Fig. 5. The first and second term are
interpreted as to represent the orbital and the exchange-
enhanced spin contribution, respectively.[38] In the same
spirit of approximation as in the previous section we write
(T−11 )
tot = (T−11 )
orb + (T−11 )
spin (17)
where (T−11 )
orb varies linearly with T and (T−11 )
spin rep-
resents the exchange-enhanced spin relaxation rate com-
monly found in nearly antiferromagnetic AF materials at
T > TN [38]. For such materials the staggered suscepti-
bility χQ(T ) = CQ/(T − TN) follows a Curie-Weiss type
behavior[37] and
(T−11 )
spin ∝ (T−11 )spin0
√
χQ(T ) ∝ T/
√
(T − TN ) (18)
Here (T−11 )
spin
0 ∝ T is the spin contribution to the relax-
ation rate in the absence of spin fluctuations. Our data is
well represented by assuming TN to be less than 1 K. In
the inset of Fig. 5 we also display T−11 (T ) for
23Na and
we compare it with the data of 59Co. Consistent with
the very weak hyperfine interactions at the Na sites, the
23T−11 (T ) data may be represented by a single term of the
form 23T−11 = 1.25
√
T . The order of magnitude smaller
pre-factor, relative to the Co case, roughly reflects the
squared ratio of the corresponding hyperfine couplings.
The HT value of the transferred hyperfine field at the
Na sites is of the order of 0.8 · 104 Oe. The absence of
a linear-in-T term indicates that the hyperfine field from
the orbital part of the 3d electrons is particularly small
at the Na sites, as expected for insulating Na planes.
From the first term on the r.h.s of Eq. 20 we may
calculate the electronic density of states at the Fermi
level. The orbital contribution to the relaxation rate,
appropriate for the local cubic environment of the Co
sites, is given by[30, 32]
(T−11 )
orb = 2C(γNH
orb
hf )
2Nt2g (Nt2g + 4Neg )T (19)
The parameter C = (4pikB~) and the local densities of
electronic states at the Fermi level (per Co atom and
per spin direction) Nt2g and Neg are related to elec-
tronic states with t2g and eg symmetry, respectively. The
nuclear gyromagnetic ratio γN is that of the Co nu-
clei. Previously published theoretical work claims that
Neg = 0 for NaxCoO2[22, 23, 24]. With (TT
orb
1 )
−1 = 1.6
(K−1s−1), Hhf = 86.6×104 Oe, and γN = 6317 rad/s, we
obtainNt2g = 1.2×1011 (states/erg) per Co ion, a typical
value for light d−transition metals. In the free electron
approximation, this corresponds to an electronic specific
heat parameter γ ≈ 1 mJ mol−1K−2.
IV. DISCUSSION
In an earlier publication[9] we concluded that the then
available χ and NMR data were compatible with local-
moment formation on part of the Co ions with a Co4+
configuration. However, the results of several calcula-
tions of the electronic structure of Na0.7CoO2[22, 23, 24]
do not confirm this claim. Indeed, as discussed above,
our new set of 59Co NMR data may be reconciled with
the asumption of an itinerant 3d-electron system and, as
we shall see below, it is in conflict with the hypothesis of
localized moments.
Below 200 K, Na0.7CoO2 displays features of weak an-
tiferromagnetic metals with TN at less than 1 K. Never-
theless some of the properties are unusual. For instance,
the 59Co NMR response indicates that the CoO2 planes
are electronically rather homogeneous above room tem-
perature. Upon reducing the temperature to below 200
K, the electronic homogeneity of these planes is lost and
at least four different Co environments were identified at
low temperatures. As discussed before, it seems unlikely
that changes in the Na-ion positions alone can account
for this result. Also rather unusual are the observed vari-
ations of the hyperfine fields at the Co1 and Co2 sites.
All of this suggests a temperature-induced modification
of the 3d-electron system. The increasing width of the
Co3 signal with decreasing temperature suggests that as
T approaches 0 K, Na0.7CoO2 tends to a magnetic insta-
bility.
The latter trend is best illustrated by the 59Co-NMR
spectra at temperatures of the order of 1 K and below.
In Fig. 6 three 59Co-NMR spectra recorded at fixed fre-
quency and with three different time delays τ between
the rf pulses of the spin-echo sequence are displayed.
Signals with fast spin-spin relaxation can be observed for
short, but not for long τ ’s. For a short τ = 60 µs, the sig-
nal Co4, due to yet another Co environment, is observed.
This signal emerges only at very low temperatures and
its intensity is distributed over a very broad range of res-
onant fields. The related spin-spin relaxation is much
faster than those of Co1 and Co2. This reveals that with
decreasing T the dynamics of the 3d electrons who prefer-
ably reside near the sites Co4 is slowing down dramati-
cally and inhomogeneously, and supports the view that
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FIG. 6: 23Na- and 59Co NMR spectra measured at a fixed
frequency of 76.640 MHz and at a temperature of 1K for three
different pulse delays τ . Note the substantial signal near the
central part of the spectrum for τ = 60 µs. The broken line
indicates the estimated contribution of the this featureless sig-
nal (Co4), assumed to be of a Gaussian shape. The center,
the amplitude and the width of this Gaussian have been ad-
justed so that upon its subtraction the resulting signals for
the quadrupolar wings from the Na and Co1 and Co2 sites
(dotted lines) are approximately symmetric.
Na0.7CoO2 approaches a magnetic instability at T below
1 K, as mentioned above.
Considering our approach of postulating the d elec-
trons as itinerant, the origin of the Curie-Weiss behav-
ior of χ(T ) ought to be clarified. A Curie-Weiss type
χ(T ) below 300 K and due to conduction electrons re-
quires occupied electronic states in a narrow band with
a width that is equivalent to a few hundred Kelvin. If
we attempt a corresponding fit to our χ(T ) data, the re-
quired density of electronic states at the Fermi level Nt2g
is by far larger than Nt2g resulting from our analysis of
the T−11 (T ) data presented above. Because the effective
magnetic moment peff at high temperatures is very close
to the value expected from a concentration of (1− x) lo-
calized, spins 1/2 in NaxCoO2, it is tempting to ascribe
χ(T ) to localized Co moments, as done before.[9] How-
ever, if one assumes such a concentration of uncompen-
sated electronic spins to be localized or nearly localized,
theoretical considerations claim that then the material
would be an insulator,[22] contrary to experimental ob-
servations.
Next we argue that the conjecture of local moments
embedded in a metallic matrix leading to the Curie-Weiss
type susceptibility χ(T ), is not consistent with our ex-
perimental results. Assume a concentration of (1 − x)
spins 1/2 to be completely localized below 200 K. Hence
the temperature dependence of χ arises from the corre-
sponding localized moments and χorb and χspin due to
the conduction electrons is expected to be only weakly
temperature dependent. This, however, is difficult to rec-
oncile with the presented 59Co-NMR data because under
these circumstances it seems impossible to account for
the observed temperature-induced changes in the hyper-
fine fields. The scenario of postulating local moments is
also confronted with the experimental observation that
χ(T ) not only indicates changes in their mutual inter-
action but also a substantial reduction of the effective
moment at low temperatures. Whether these variations
would influence the magnetic response of the conduction
electrons such that also the hyperfine coupling issues can
be explained consistently requires additional theoretical
insights that are beyond the scope of this work.
In conclusion we have shown that our NMR data, to
a large extent, can be understood by assuming that the
Co 3d electrons are itinerant and that Na0.7CoO2 is close
to a magnetic instability at low temperatures. Unfortu-
nately we have no convincing arguments to explain the
experimentally observed temperature dependence of the
magnetic susceptibility χ(T ). This and the obvious in-
homogeneities of the electronic subsystem, growing with
decreasing temperature, are two important issues that
remain to be clarified.
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